Introduction {#Sec1}
============

In an era characterized by rapid environmental change, wildlife populations are increasingly living in anthropogenic settings. These contexts can entail direct human influence, such as predation or provisioning, or indirect influence, such as habitat alteration or destruction. Conducting wildlife research in these explicitly anthropogenic settings is valuable in that scholars can explore contemporary evolution and expand our understanding of species' adaptive potential^[@CR1]^; such research is also necessary given that human influence on wildlife often exacerbates conservation concerns. Species at higher trophic levels with small ranges and slow life histories, such as primates, are especially likely to be negatively affected by frequent encounters with humans because they cannot rapidly recover from environmental disturbances^[@CR2]^.

Changes to the environment or in human behaviour can alter previous patterns of human-wildlife coexistence and bring human and nonhuman animals in closer proximity to one another. Animals that consume anthropogenic food resources may display shifts in movement, behaviour, and ecology in response to human proximity, and humans may engage in provisioning behaviour in response to animal presence^[@CR3]--[@CR7]^. Food provisioning, whereby humans purposely give food to nonhuman animals, can result in rapid habituation of wildlife such that they begin to approach humans for food, take food from their hands, and potentially aggress toward them to elicit provisioning behavior^[@CR3],[@CR7]--[@CR9]^.

For primates, because provisioning can result in decreased foraging energy expenditure, increased time available for resting and social behaviour, and increased birth rates^[@CR10]--[@CR12]^, provisioned foods can be valuable energetic resources. Nevertheless, provisioning can also be extremely risky for primates and other wildlife species as it is associated with increased risk of direct conflict with people, zoonotic disease transmission, and injury^[@CR13]--[@CR16]^. Previous research indicates that life history stage is an important factor shaping individual animals' willingness to interact with people or engage with anthropogenic habitat features, with males, especially older males, interacting more frequently with humans than females, and juveniles' interactions with humans varying across species^[@CR15],[@CR17]--[@CR19]^.

Life history theory predicts that differential fitness expectations and energy requirements will cause age-sex classes to vary in risk-taking behavior^[@CR20],[@CR21]^. In anthropogenic contexts, such variation may be visible via intraspecific differences in willingness to interact with humans to exploit human food resources^[@CR17]^. In primates, adult and subadult males are expected to be risk-prone due to high current reproductive potential, need to compete for mates, and lower mortality risk, whereas adult females are expected to be risk averse due to high cost of reproduction; juveniles are expected to be somewhat risk-averse due to higher mortality risks and low current reproductive potential^[@CR20],[@CR22],[@CR23]^. By examining variation in behaviour across age-sex class and by examining patterns of risk response---such as increased vigilance behaviour or decreased interindividual distance^[@CR24]^---life history theory predictions can be tested.

However, when considering species with complex social groups, the relationships and interactions with group members must also be considered when attempting to understand behaviour. For instance, association patterns within a social group can influence group movement patterns^[@CR25]--[@CR28]^, individuals' risk-taking behaviour^[@CR17],[@CR24]^, and group cohesion and stability^[@CR12],[@CR29]^. Social network analysis (SNA) offers a powerful tool to investigate animal sociality and explore how changes in environmental and social context shape group-wide patterns^[@CR30]--[@CR32]^. Using social network analysis to examine the causes and effects of human-wildlife interaction represents a promising application of this tool that has yet to be explored fully^[@CR17],[@CR33],[@CR34]^. Although there is a growing number of studies examining how behaviour, life history stage, and context all interact to influence network position^[@CR35],[@CR36]^, we know of no other studies examining the inverse---how life history stage and network position influence individual behavioural patterns.

In this study, we examine how intrinsic life history factors and extrinsic social network factors jointly influence how often moor macaque (*Macaca maura*) monkeys are in proximity to provisioning opportunities along a heavily trafficked road that bisects Bantimurung Bulusaraung National Park (BBNP) in South Sulawesi, Indonesia. The moor macaque (*Macaca maura*) is an Endangered primate species endemic to South Sulawesi, Indonesia^[@CR37]^. While people have long encountered moor macaques during crop foraging events at the forest-farm edge throughout the species' distribution^[@CR38]^, frequent, direct interactions with wild primates in BBNP were uncommon until recently. Beginning in 2015, our macaque study group shifted their behaviour, spending more time along the provincial road bisecting its home range, where some individuals began approaching passing vehicles and accepting food from humans. This group has been habituated to human presence for many years due to occasional provisioning by BBNP staff and regular following by researchers, but had previously not spent time along this road. Because our study group still spends a large portion of their time in forested habitat, away from provisioning opportunities found along the road, we were able to test life history predictions while also exploring how "typical" patterns of social interaction (i.e., behaviour in the forest) influence macaque tendency to be along the road. This context also allowed us to assess the effects of interacting with humans by comparing social networks along the road to social networks in the forest.

From a life history perspective, we expected that adult and subadult males would be the most risk-prone, and thus be along the road in proximity to humans most often, followed by juveniles then adult females. We expected that the macaques would perceive the road to be risky, and that this perception would be evidenced by increased proximity to group members while along the road. From a social network perspective, we explored how commonly used measures of centrality interact with life history factors to explain individual tendency to be in proximity to the road. Given that we expected intragroup variation in time spent near the road, we expected that proximity patterns observed in the forest context would be disrupted while the group was along the road. Additionally, although predictable, consistent provisioning or human presence may increase frequency of social behaviour^[@CR39]^, inconsistent provisioning---e.g., provisioning performed from moving vehicles and hence not spatially concentrated---can disrupt social behaviour^[@CR39],[@CR40]^. Thus, we predicted that proximity-based and affiliative-based social networks along the road would be less cohesive and more fragmented than social networks within the forest.

Methods {#Sec2}
=======

Study site and subjects {#Sec3}
-----------------------

We observed a habituated group of moor macaques (*Macaca maura*) in the Karaenta area of Bantimurung Bulusaurang National Park in South Sulawesi, Indonesia (Fig. [1](#Fig1){ref-type="fig"}). Established in 2004, BBNP protects approximately 43,000 ha of the region's karst (limestone) ecosystem and biodiverse flora and fauna, including the Endangered moor macaque. Karaenta is a 1000-ha section of BBNP characterized by mixed primary and secondary forest and seasonality in rainfall (typically, wet season: November -- May; dry season: June -- October). Although the northern portion of Karaenta borders residential and agricultural areas, our study group's range does not as it is approximately 3 km from the nearest village. Aside from research, limited ecotourism, and small-scale, non-timber resource extraction, Karaenta is not used by humans. However, roadside vendors sell forest goods (e.g., honey) along the road bisecting the park, and some vendor stalls can be found within our study group's home range. Additionally, a park-constructed monitoring post within our study group's home range was frequently used as a resting and eating area by passing motorists (Fig. [1](#Fig1){ref-type="fig"}). Private vehicles, public transportation vehicles, and large trucks transporting commercial goods heavily traffic the road that bisects Karaenta. Food waste and larger trash items (e.g., construction materials) are frequently left along the road, and people are increasingly inclined to stop, rest, eat, or purchase products sold by roadside vendors.Figure 1Map of study site in Sulawesi, Indonesia illustrating the location of the road and other anthropogenic features (e.g., vendor stalls and a monitoring post) in relation to the study group's home range and core area. Imagery source: DigitalGlobe (2014). Map created using the ArcGIS software version 10.7.1 by Esri: <http://desktop.arcgis.com/en/arcmap/>.

A number of *M. maura* groups inhabiting Karaenta have home ranges that encompass both the north and south side of the road and are frequently seen crossing the road as they travel through their home range. This road-crossing behaviour (Fig. [2](#Fig2){ref-type="fig"}) creates the opportunity for people to view, photograph, and provision wild macaques. Although provisioning itself consistently occurred when our study group was near the road within their home range (Fig. [1](#Fig1){ref-type="fig"}), the exact location of provisioning, quantity of food provisioned, and number of people provisioning simultaneously was inconsistent. The macaques frequently rested along the road while monitoring passing vehicles. Provisioned foods, which typically included cultivated fruit, bread, and chips, were most commonly tossed from inside stopped or slowly moving vehicles, though people would occasionally get out or off of stopped vehicles and approach the macaques. We often observed the macaques following vehicles that slowed in their proximity. Although we witnessed no injuries to macaques from vehicles during the study period, vigilance behaviour while crossing the road was regularly observed and several individuals have since been observed being hit and killed by passing vehicles along the road.Figure 2Vehicles stop along road to provision wild moor macaques (*Macaca maura*) in South Sulawesi, Indonesia. Photo credit: Kristen S. Morrow.

Moor macaques live in cohesive multimale, multifemale groups, display female philopatry, and frequently display behavioural synchrony---i.e., engage in the same behaviour in time and space^[@CR11],[@CR41]^. *M. maura* is a socially tolerant species, characterized by symmetry in aggression, high rates of affiliation and reconciliation, low influence of kinship on social interactions, tolerance of feeding near non-kin, and tension-reducing behaviours during male-male interactions^[@CR42],[@CR43]^. Humans and larger snakes are the only potential predators of this species. Although there is no evidence that people in the area hunt *M. maura* for consumption, there are reports of retaliation against crop feeding macaques across the species' range^[@CR38],[@CR44]^. Our study group comprised thirty-five individuals during the period of data collection: nine adult males (≥8 years old), 11 adult females (\>6 years old), two subadult males (6--7 years old), six juvenile males (1--5 years old), five juvenile females (1--4 years old), and two infants (\<1 year old). All individuals were recognizable based on natural markings. Age classes were estimated according to body size and appearance of external genitalia^[@CR11],[@CR43],[@CR45]^. Individuals that were not present for the entirety of data collection (n = 1 adult male), as well as infants (n = 2), were excluded from data analysis.

Data collection {#Sec4}
---------------

Data were collected six hours per day, six days per week from August 2016 to January 2017, rotating morning (0600--1200) and afternoon (1200--1800) sampling periods. Data collection began during the dry season, which lasted until November 2016. We collected macaque behavioural data using scan sampling^[@CR46]^ every 30 minutes, with each scan lasting for 10 minutes. During each scan sample, we attempted to record each individual's location (i.e., along the road or in the forest), identity of all individuals within 1 m, and behavioural state. Location was scored as "along the road" if the individual was on the road or in roadside areas that lacked forest vegetation; all other locations were scored as "in the forest." We chose a low proximity threshold of 1 m to record nearest neighbours because socially tolerant species often display low interindividual distances^[@CR47]^. Behavioural states included affiliative behaviour, aggressive behaviour, grooming (allo- and auto-), feeding, foraging, following conspecifics, locomote, male-male greetings, rest, sexual behaviour, and play behavior^[@CR43],[@CR48]^.

Building comparable social networks {#Sec5}
-----------------------------------

Because our study group ranges in areas with and without human presence, it presented a unique opportunity to examine how proximity to provisioning opportunities impact macaque social networks. Because networks can vary based on data included^[@CR49]--[@CR51]^, we constructed and examined two network types in two contexts: networks based on affiliative interactions and networks based on proximity patterns, in both forest and road contexts.

When comparing animal social networks, it is ideal to have the same individuals in the compared networks, to sample equally across comparison contexts, and to construct networks using data collected during the same temporal period^[@CR50]--[@CR52]^. In studies relying on observational data from wild animals, these requirements often cannot be met. Although our networks comprise the same individuals and are constructed from data collected during the same temporal period, we have an unequal number of observations across individuals and our study group spent much more time in the forest than along the road. To address the first concern, we weighted each network with association indices^[@CR53],[@CR54]^. To address the bias in sampling across road and forest contexts, we compared a comprehensive forest network using all scans in the forest to an estimated forest network^[@CR55],[@CR56]^. The estimated forest network was constructed by generating 100 random samples of scans in the forest. Each sample contained the same number of scans observed along the road and followed the same monthly pattern as scans along the road (e.g., 42 scans were recorded along the road in October and 42 forest scans recorded in October were included in each random sample). For each random sample we calculated half-weight association indices for all pairs of individuals. We then averaged each dyad's half-weight association index values across all 100 samples and used these averaged values to construct the estimated network. We used Spearman's rank correlation analyses to assess whether network metrics were similar across comprehensive and estimated forest networks^[@CR55]^.

Across road and forest contexts a total of six social networks were constructed: a road affiliative network, a road proximity network, a comprehensive forest proximity network, a comprehensive forest affiliative network, an estimated forest proximity network, and an estimated forest affiliative network.

### Association indices {#Sec6}

We created half-weight association indices (HWI) for all possible pairs of individuals (n = 992 possible pairs) in our study group. The HWI index provides a coefficient for the proportion of observations a pair of individuals was observed together, accounting for biases that arise from having a different number of total observations per individual^[@CR53]^. Weighting social networks with HWI values, instead of frequency of interactions or joint observations, allows for the construction of multiple social networks that can be compared despite differences in number of observations per network^[@CR50],[@CR51],[@CR54]^. HWI is calculated as *2 N/(n*~*A*~ + *n*~*B*~*)*, where *2 N* is the total number of joint sightings (i.e., dyadic interactions or proximity within 1 m) for individuals *A* and *B*, *n*~*A*~ is the total number of sightings of individual *A*, and *n*~*B*~ is the total number of sightings for individual *B*. Reciprocal joint sightings (i.e., individual A interacting with B, and vice versa) within a single scan were counted only once.

We calculated different sets of HWI values for affiliative interactions and proximity-based associations in the forest and along the road. For each set of HWI values, the number of joint sightings *N* and the number of individual sightings *n*~*A*~ and *n*~*B*~ were both calculated within context (road/forest). For example, when calculating the forest affiliative HWI for individuals *A* and *B, N* represents all affiliative interactions between *A* and *B* that occurred in the forest, *n*~*A*~ represents the total number of sightings of individual *A* in the forest, and *n*~*B*~ represents the total number of sightings of individual *B* in the forest. As proximity-based analyses were non-directed, HWI values in proximity-based subsets were reciprocal; i.e., the HWI value for dyad *A-*B matched that of dyad *B-*A.

Data analysis {#Sec7}
-------------

### Assessment of risk perception {#Sec8}

To assess whether age-sex classes were in closer proximity to group members while along the road (i.e., to assess risk perception), we compared by age-sex class the average number of conspecifics within 1 m across road and forest contexts using the Mann-Whitney U tests evaluated at α = 0.05.

### Understanding tendency to interact with humans {#Sec9}

Similar to previous research^[@CR33]^, we used modified, permutation-based linear regression models to understand how life history and typical social dynamics jointly explain individual macaque proportion of behavioural records along the road. Predictor variables included individual age (adult or nonadult), sex (male or female), eigenvector centrality, betweenness centrality, top associate eigenvector centrality, and top associate betweenness centrality. Social network variables were derived from the comprehensive proximity-based forest network; each individual's network metric values represent their network position throughout the entire study period. Top associates were identified by determining each individual's strongest relationship in the group, as measured by the greatest HWI value. Interaction terms reduced model explanatory value and were not included. We selected variables and interaction terms based on assessments of biological relevance and selected models based on overall explanatory value. Although network measures are relative to one another, no network variables in our model were strongly correlated with other included network metrics.

In the permutation-based linear regression model approach, estimated regression coefficients indicate the extent to which an individual's proportion of behavioural records along the road is expected to change in response to a change in a given predictor variable. Using the lmPerm package in R^[@CR57]^, we permuted the values of the response variable, maintaining the value of the predictor variables, until the estimated p-values converged, or until the maximum iterations (n = 5000) had been completed. In the lmPerm package approach, the structure in the covariates is maintained as the null distribution of the covariates are generated via permutation of the response. Estimated two-tailed p-values were assessed at α = 0.05.

Although dominance rank is a commonly investigated factor in studies of primate social relationships and has been included in previous social network studies and studies on human-macaque interactions^[@CR33],[@CR58]^, we had insufficient data on agonistic interactions to reliably construct individual dominance rank to include as a variable in our analyses. However, moor macaques have more socially tolerant relationships, tolerate proximity to one another while feeding, and likely experience low within-group competition^[@CR42],[@CR43],[@CR59]^. These traits, combined with the spatially dispersed nature of provisioning along the road, likely reduces the influence of dominance rank on social interactions and access to provisioned foods. As such, we suggest that excluding dominance rank does not prevent meaningful interpretation of our analyses.

Two network metrics used in comparison of networks across context (Table [1](#Tab1){ref-type="table"}) were not included in permutation-based linear regression models: closeness centrality and degree centrality. Closeness centrality was excluded both to simplify model complexity and to facilitate comparison with related studies^[@CR33]^. Degree centrality was not included because it was highly correlated with eigenvector centrality in proximity-based forest networks (Spearman's r~s~ = 0.983, p \< 0.001); given this high correlation, we removed degree centrality from regression analyses. Although both metrics are frequently used in network studies, eigenvector centrality represents a more robust measurement of centrality within a group as it takes into consideration both direct and indirect connections^[@CR60]^ and is increasingly found to be an important metrics in primate social networks^[@CR28],[@CR61]^.Table 1Social network metrics used for comparison of road and forest metrics and for regression analyses.MetricDefinition & UsageDensity^[@CR84]^ (global measure)The proportion of all possible edges that are present in a network. Used to assess group connectedness.Weighted Degree Centrality^[@CR84]^The sum of the weights of the edges connected to an actor *i*. Used to assess "importance" of an individual within a group based on all their ties to other individuals.Betweenness^[@CR84]^The sum of the edge weights from the geodesic (shortest) paths connecting two nodes that pass through an actor *i*. Used to assess the "importance" of an individual based on their role in connecting other pairs of individuals.Closeness^[@CR84]^The inverse of the sum of the geodesic distances from actor *i* to all the other actors in a network. Used to assess the "importance" of an individual based on how their position within a network allows them to quickly interact with other individuals.Eigenvector Centrality^[@CR60]^The composite centrality scored based on principal eigenvector values provided by the adjacency matrix of a graph; this measure takes into account both a node's and that node's connections' eigenvalues. Used to assess an individual's "importance" in the network based on their own centrality and the centrality of their network connections.

For regression analyses we separated the age (i.e., adult, non-adult) and sex (i.e., male, female) variables in order to assess the different ways each of these life history traits influence individual behaviour, and to maintain a larger sample size in each category. Most individuals in our study group are easily classified as either adults or non-adults, with the exception of subadults (n = 2 males, 0 females). For the purposes of regression analyses, we coded subadult individuals as adults. In many primate species males disperse at sexual maturity, and the subadult period represents a stage of increased energetic need and less social interactions with group members^[@CR62],[@CR63]^. Both subadult males in our study group were close to adult size and were observed engaging in copulation with adult females on multiple occasions; as such, we concluded their energetic needs and behaviour more closely matched that of adults and that they could be considered as such.

### Assessing impact of proximity to humans {#Sec10}

We assess the impact that proximity to humans has on macaques by comparing social networks across road and forest contexts. Affiliative interaction networks were directed, whereas proximity-based networks were undirected. The inclusion of both interaction-based and proximity-based networks allowed us to assess the methodological implications of data type on network analyses; as such, we report both here. For all networks, edge weights were defined by the HWI values specific to the context and data type. Network metrics and visualizations were calculated in R (version 3.3.1) using the statnet^[@CR64]^, network^[@CR65]^, sna^[@CR66]^, igraph^[@CR67]^, and RColorBrewer packages^[@CR68]^. Table [1](#Tab1){ref-type="table"} provides a list of and details on the metrics compared across context, which were selected based on their prevalence in the literature and ability to assess different aspects of social relationships.

To assess whether metrics in the comprehensive forest network differed from those in the estimated forest network, we used Spearman's rank correlation analyses^[@CR55]^. We found that metrics were not consistently correlated across comprehensive and estimated forest networks. In particular, closeness centrality was not significantly correlated in proximity forest networks (r~s~ = −0.80, p = 0.13), and eigenvector centrality was not significantly correlated in either proximity (r~s~ = 0.80, p = 0.13) or affiliative networks (r~s~ = −0.01, p = 0.97). We therefore compared the estimated forest network to the road network in order to assess how proximity to humans influenced our study group.

To examine how metrics in forest networks differed from metrics in road networks, we used randomization tests, a common approach to compare observed and simulated social networks^[@CR32],[@CR34],[@CR69]^. For both interaction and proximity-based networks, and for each network metric analysed, we first subtracted each individuals' metric value in the road network from their metric value in the estimated forest network. This resulted in eight sets of differences (one per network metric per data type). Then, 10,000 simulated sets of differences were generated by sampling from the observed differences. The mean difference for each of the 10,000 generated sets were compared to the observed mean difference for each metric. Approximate two-tailed p-values evaluated at α = 0.05 were calculated for each comparison. As randomization tests were used, no assumptions of normality distributions needed to be met. Randomization-based comparisons of network metrics were calculated in the stats package^[@CR70]^ of R (version 3.31.1).

We also descriptively assessed changes in network metrics across context by age-sex class and assessed differences in network clustering across context. For the latter, we used the walk-trap community algorithm, a recommended clustering algorithm for social networks with \<1000 nodes^[@CR71]^. This method detects clusters of densely connected individuals by using random walks; a modularity score, *Q*, is calculated for each subgroup detected. The network is then partitioned into the clusters which allow for maximum *Q*^[@CR69],[@CR71]^. With this method, each detected cluster will have stronger ties within their cluster than between clusters.

Ethical approval {#Sec11}
----------------

Research permits were obtained from RISTEK-DIKTI (Permit \# 212/SIP/FRP/E5/Dit.KI/VIII/2016) following Indonesian research protocol. All methods were approved by the Institutional Animal Care and Use Committee at San Diego State University (APF \# 14-03-006R).

Results {#Sec12}
=======

Across the study period, we followed the study group for 565.8 hours, completing a total of 1,219 scan samples (1,170 in contact with the group, 195 hours). The study group was along the road for 19.8% of all scan samples (n = 232 scans). Although the group was located along the road at various times throughout the day, the group was most often observed along the road between 11:00--17:00 hours (68.9% of scan samples along the road, n = 159). The group was infrequently along the road before 0700 or after 1700. Averaging across all scans, subadult males were observed in proximity to the road in the largest percentage of behavioural records (26.7% ± s.d. 1.4%) followed by adult males (19.9% ± s.d. 6.7%), juvenile males (18.4% ± s.d. 2.5%), juvenile females (14.5% ± s.d. 3.8%), and adult females (12.1% ± s.d. 3.6%).

Assessment of risk perception {#Sec13}
-----------------------------

All age-sex classes had, on average, fewer nearest neighbours per behavioural record while along the road as compared to while in the forest. This difference was significant for adult males (forest mean ± s.d. = 0.54 ± 1.03 vs. road mean ± s.d. = 0.39 ± 0.70, p = 0.002) and subadult males (forest mean ± s.d. = 0.53 ± 0.92 vs. road mean ± s.d. = 0.38 ± 0.67, p = 0.004). Differences in average number of nearest neighbours was not significantly different across road and forest contexts for adult females (forest mean ± s.d. = 0.74 ± 1.19 vs. road mean ± s.d. = 0.71 ± 0.98), p = 0.26, juvenile males (forest mean ± s.d. = 0.62 ± 1.01 vs. road mean ± s.d. = 0.52 ± 0.83, p = 0.06), or juvenile females (forest mean ± s.d. = 0.84 ± 1.23 vs. road mean ± s.d. = 0.75 ± 1.07, p = 0.48). Across road and forest contexts, adult females and juvenile females had, on average, the greatest number of nearest neighbours per behavioural observation compared to other age-sex classes.

Factors influencing tendency to interact with humans {#Sec14}
----------------------------------------------------

Based on data derived from the comprehensive forest proximity network, sex, betweenness centrality, and top associate eigenvector centrality all have a significant effect on individual proportion of behavioural records along the road (Table [2](#Tab2){ref-type="table"}). Regardless of age, males were, on average, along the road significantly more often than females (p = 0.006). Individuals that are more central in the social network (as measured by increasing betweenness centrality) were along the road more often (p = 0.038). However, associate eigenvector centrality was a stronger predictor of the proportion of behavioural records along the road than individual betweenness centrality, such that individuals associated with more central group members (as measured by increasing associate eigenvector centrality) were along the road less often (p = 0.03). Age, individual eigenvector centrality, and associate betweenness centrality did not have a significant influence on individual proportion of behavioural records along the road (Table [2](#Tab2){ref-type="table"}).Table 2Results of permutation-based linear regression model, evaluated at alpha of 0.05.VariableCoefficientIterationsp-valueIntercept13.608850.102Age0.18510.922Sex5.6550000.006\*Eigenvector Centrality−0.65510.843Betweenness Centrality0.0725430.038\*Associate Eigenvector Centrality−15.0032790.030\*Associate Betweenness Centrality−0.027610.623Network metrics and associate data derived from proximity-forest network. P-values denoted with \* are significant. Adjusted R^2^ = 0.521, p \< 0.001. For age, the comparison group is adults and the intercept represents non-adults; for sex, the comparison group is male and the intercept represents females. Maximum iterations of permutations of null models = 5,000.

Proximity to humans disrupts social networks {#Sec15}
--------------------------------------------

Regardless of data type, forest networks were denser than road networks (forest affiliative network 0.511 vs. road affiliative network: 0.280; forest proximity network: 0.957 vs. road proximity network: 0.843, Fig. [3](#Fig3){ref-type="fig"}). On average, weighted degree centrality was greater along the road and differed significantly more than randomized differences for both network types (affiliative: p \< 0.001; proximity: p \< 0.001). Conversely, betweenness centrality and closeness centrality were both greater in the forest than along the road. Closeness centrality differed significantly more than randomized differences across both network types (affiliative network: p \< 0.001; proximity network: p \< 0.001), whereas betweenness centrality only differed more than randomized differences in the proximity network (p = 0.03). Eigenvector centrality differences were not significantly different than randomized differences across either affiliative or proximity networks (Table [3](#Tab3){ref-type="table"}).Figure 3Affiliative forest (**a**) and road networks (**b**) and proximity forest (**c**) and road (**d**) networks. Across all networks, larger node size indicates greater proportion of behavioural records along the road. Node outline colour indicates age-sex class: adult males are outlined in blue (blue), adult females are outlined in red (red), subadult males are outlined light blue (dogerblue2), juvenile males are outlined in turquoise (lightblue4), and juvenile females are outlined in pink (maroon1). Node fill colour indicates membership in clusters identified via the walktrap community algorithm; text and arrows indicate cluster identities.Table 3Comparison of differences between road and forest network metrics.Network TypeContext with greater metric valueObserved mean difference ± s.d.Average estimated mean difference ± s.d.Estimated p-value**Affiliative**Degree centralityRoad0.12 ± 0.060.000 ± 0.01\<0.001\*BetweennessForest−11.66 ± 60.530.10 ± 10.520.27ClosenessForest−22.78 ± 6.890.004 ± 1.20\<0.001\*Eigenvector centralityForest−0.04 ± 0.390.001 ± 0.070.52**Proximity**Degree centralityRoad0.78 ± 0.200.000 ± 0.04\<0.001\*BetweennessForest−8.97 ± 27.420.02 ± 4.790.03\*ClosenessForest−6.71 ± 1.730.000 ± 0.30\<0.001\*Eigenvector centralityRoad0.05 ± 0.240.000 ± 0.040.25P-values denoted with \* are significant at α = 0.05.

Clustering patterns vary across network type and context. No clusters were detected in the proximity networks (forest proximity network: *Q *= 0; road proximity network: *Q *= 0). Two clusters were identified in each of the affiliative networks (forest affiliative network: *Q* = 0.096; road affiliative network: *Q* = 0.15), with the greater modularity score in the road affiliative network indicating a less cohesive network along the road as compared to in the forest. The forest affiliative network was largely clustered based on age; cluster F1 (n = 23 individuals) contains all adult individuals and two juvenile males, whereas cluster F2 (n = 9 individuals) contains all other juveniles. Cluster composition in the road affiliative network was more varied; cluster R1 (n = 21 individuals) contains all adult and subadult males (n = 10 individuals), five adult females, and three juvenile males; cluster R2 (n = 11 individuals) contains three adult females, three juvenile males, and all juvenile females (n = 5 individuals) (Fig. [3](#Fig3){ref-type="fig"}).

Based on descriptive statistics, there was marked variation across age-sex class in mean difference of network measures. Adult females and juvenile females show the greatest increase in weighted degree centrality along the road across both network types, indicating more frequent affiliative interactions and proximity to group members. Conversely, subadult males showed the least increase in weighted degree centrality along the road, which indicates less pronounced changes in behaviour along the road compared to the forest. Adult females and juvenile females also show the greatest differences in affiliative betweenness centrality---indicating a change in their role indirectly connecting other group members to one another. However, whereas adult females play a lesser role connecting group members while along the road, juvenile females play a greater role connecting group members while along the road as compared to the forest. Juvenile males are the only other age-sex class that display increased betweenness centrality while along the road. In proximity networks, adult males and subadult males display the greatest decline in betweenness centrality across contexts, indicating their role connecting other group members changes the most due to proximity to humans. Adult males and adult females show the greatest decline in closeness centrality in affiliative networks, indicating that while along the road they are less connected to other group members than when in the forest. Juvenile females show the least change in closeness centrality across both affiliative and proximity networks, indicating that---compared to other age-sex classes---they maintain more similar social patterns across road and forest contexts. Adult males are the only age-sex class to show an increase in affiliative eigenvector centrality along the road (i.e., become more central in terms of their own interactions and their associates' interactions), whereas juvenile females are the only age-sex class to show a decrease in proximity eigenvector centrality along the road (Table [4](#Tab4){ref-type="table"}).Table 4Mean differences in social network metric across context, by network type and age-sex class.Network TypeDegree Centrality ± s.d.Betweenness ± s.d.Closeness ± s.d.Eigenvector Centrality ± s.d.**Affiliative**Adult male0.09 ± 0.04−10.00 ± 40.54−24.89 ± 6.130.25 ± 0.46Adult female0.13 ± 0.05−48.27 ± 80.08−26.43 ± 5.61−0.10 ± 0.29Subadult male0.06 ± 0.00−20.00 ± 14.14−21.94 ± 9.34−0.42 ± 0.33Juvenile male0.08 ± 0.0321.83 ± 25.89−18.76 ± 4.94−0.10 ± 0.29Juvenile female0.20 ± 0.0830.80 ± 31.08−14.94 ± 3.77−0.18 ± 0.44**Proximity**Adult male0.73 ± 0.27−18.25 ± 41.37−7.71 ± 2.140.13 ± 0.28Adult female0.86 ± 0.20−2.00 ± 12.50−6.52 ± 1.090.11 ± 0.14Subadult male0.68 ± 0.02−25.00 ± 65.05−7.61 ± 2.470.12 ± 0.22Juvenile male0.71 ± 0.15−0.67 ± 12.19−6.75 ± 1.850.02 ± 0.29Juvenile female0.81 ± 0.15−13.00 ± 25.33−5.09 ± 0.78−0.21 ± 0.16

Discussion {#Sec16}
==========

Overall, our study group spent around one-fifth of the observation period in proximity to the road, and many individuals actively engaged with people (e.g., approaching stopped vehicles). However, contrary to our expectations and previous research^[@CR24]^, the macaques did not decrease interindividual distance while along the road, indicating they may not perceive the road context to be risky. These results suggest that the macaques are not merely habituated to human presence, but rather, are attracted to humans due to the food rewards obtained from provisioning^[@CR6],[@CR72]^. Alternatively, this pattern may reflect that provisioning events occur simultaneously in multiple locations, thus potentially leading the macaques to be more dispersed while along the road despite perceived risks.

Regression analyses, on the other hand, support our predictions of life history-based risk aversion. Even when considering multiple life history and social network factors, males are more likely to be along the road than females. These findings lend further support to life history theory's prediction that males will be more risk-prone^[@CR20],[@CR21]^, and align with findings from past studies across multiple primate species^[@CR12],[@CR15],[@CR19],[@CR73]^. The finding that non-adults were along the road somewhat often contradicts life history theory expectations^[@CR22],[@CR23]^, but has been observed in other primate species^[@CR12]^. Our findings underscore the challenges in identifying behavioral responses to risk in animals. While we find that sex class influences risk-taking behavior along the road, age-sex class patterns in average number of nearest neighbors across road and forest contexts does not clearly indicate life history-based differences in risk-taking. Additional data on behaviour while along the road, such as road crossing order, waiting time before crossing, or vigilance behaviour while crossing would further illuminate risk perception and responses to perceived risk^[@CR73],[@CR74]^.

Similar to prior research^[@CR33]^, network metrics also affected individual proportion of behavioural records in proximity to the road. However, our results demonstrate that different measures of network centrality differentially explain individual tendency to be in proximity to humans. Individuals that play a greater role in connecting other group members (i.e., have higher betweenness centrality) are more likely to be along the road. Conversely, individuals associated with highly integrated individuals (i.e., associates that have higher eigenvector centrality) are less likely to be along the road. Thus, when considering betweenness centrality, greater integration increases the likelihood of risk taking, whereas when considering associate eigenvector centrality, greater integration decreases likelihood of risk taking. Enhanced social network integration makes collective movement more efficient^[@CR28]^ and improves likelihood of successful immigration^[@CR61]^; these recent insights and our findings suggest that integration into social networks may be one mechanism through which stronger social bonds provide primates fitness benefits^[@CR75]--[@CR77]^. Notably, however, in our data, this relationship depends on the network metric being considered, highlighting the need to consider multiple network measures when investigating the relationship between network position and individual traits.

We found support for our prediction that social networks along the road would be less cohesive than social networks within the forest. Regardless of network type, social networks had lower density--- i.e., were less cohesive^[@CR32],[@CR78]^---along the road than in the forest. The loss of cohesion is further demonstrated by the greater cluster modularity score *Q* in the road affiliative network compared to the forest affiliative network. The lack of clusters detected in either forest or road proximity networks matches the expectation that socially tolerant macaques typically distribute social contacts evenly across a group^[@CR42],[@CR78],[@CR79]^. Additionally, measures of inter-individual connections (i.e., closeness and betweenness centrality) were lower along the road than in the forest for both affiliative and proximity networks, indicating that typical connections between individuals were disrupted when in proximity to humans.

Previous experimental research shows that network centrality may increase in provisioning contexts^[@CR34]^. Our results partially support this finding; in both affiliative and proximity networks, weighted degree centrality was greater along the road than in the forest. In other words, the relative frequency of affiliative interactions and close proximity to group members increased when our study group was along the road. However, we also found that all age-sex classes had, on average, fewer nearest neighbours while along the road as compared to when in the forest. Together, these results demonstrate that while provisioning may increase the relative frequency with which individuals interact with or are close to one another, it simultaneously disrupts the typical distribution of social interactions among group members such that individuals do not associate with the same diversity of group members along the road as they do in the forest.

The observed differences between road and forest networks supports the idea that primates can flexibly adjust network structure in response to environmental and social changes^[@CR31],[@CR80]^ while providing additional evidence to a growing body of research demonstrating that interactions with humans disrupt primate social processes^[@CR34],[@CR40]^. Indeed, the differences in road and forest networks found here highlights how severely proximity to humans disrupts macaque social behaviour, as patterns of macaque social relationships are typically highly resilient and stable across different contexts^[@CR28],[@CR78],[@CR79]^. In the short term, such loss of cohesion can lead to increased aggression^[@CR80]^. Over time, this disruption could compromise some of the many benefits primates derive from group living, including decreased predation risk, increased foraging efficiency and resource protection, and increased survival rates^[@CR75],[@CR81],[@CR82]^. However, the finding that metrics did not uniformly differ across affiliative- and proximity-based networks points to the methodological importance of considering data type and metrics included in network analyses. Although some scholars^[@CR49]^ argue that proximity-based networks are insufficient for understanding animal social relationships, we argue that examining both affiliative and proximity networks enhances our understanding of anthropogenic effects on social networks.

Descriptive statistics of social network metrics at the level of age-sex class are similarly useful, though more rigorous statistical testing with larger sample sizes would be beneficial. Our data show that being in proximity to the road results in some age-sex classes becoming more disconnected from the group than others, but these outcomes vary based on the network type and metric. For example, adult females showed the greatest decrease in affiliative closeness values across context, indicating that---with regard to interactions---they become the least connected group members along the road. Similar patterns have been seen in females' risk-averse response to changes in captive environments^[@CR80]^, and thus may be a typical network outcome in risky contexts. Conversely, adult females show some of the smallest decreases in proximity closeness and betweenness values across context. These results support the notion that females are more socially integrated into macaque groups^[@CR28]^ and suggest that their risk-averse behaviour allows them to remain spatially connected with their associates. To our knowledge, this is the first study to demonstrate how proximity to humans has varied social network effects for different age-sex classes. Furthermore, the use of multiple network metrics underscores that there are different routes through which individuals can become more or less integrated into the group^[@CR63]^. These shifts in social roles across context indicates flexibility in macaque social roles, which may be a key factor influencing macaque ecological flexibility in anthropogenic habitats; similar flexibility in social roles has been observed in pigtailed and rhesus macaques^[@CR31],[@CR83]^.

Overall, we found support for life history theory predictions of how primates will incur risk by interacting with humans, but we demonstrate that social network factors influence these outcomes in nuanced ways. From a conservation perspective, females' risk-aversion (adult females, in particular) may lower the risk of vulnerable individuals---i.e., infants and young juveniles^[@CR22],[@CR23]^---being hit by passing vehicles. However, as juveniles become more independent they will lose any protection afforded by adult females' risk-averse tendencies. Furthermore, males' tendency to be risk-prone will likely facilitate continued frequent proximity to humans. We find that being in proximity to humans and/or provisioning opportunities disrupt macaque social networks, which is especially concerning given affiliative interactions and social bonds in primates are known to provide a suite of fitness benefits, including support from group members during agonistic interactions, increased social ranking, increased reproductive success, increased longevity, increased infant survival, and enhanced thermoregulation during winter^[@CR76],[@CR77],[@CR81]^. As such, there are potentially direct fitness implications of such social network disruptions.

This study builds on our currently limited understanding of the relationship between social network position, life history variables, and primate behaviour in anthropogenic contexts. Future research on additional measures of risk perception, the extent to which dominance rank influence network position in tolerant macaque species, and the joint influence of forest food resource availability on tendency to interact with humans is needed to more fully understand what drives patterns of human-wildlife interaction in changing environments.
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